We have experimentally demonstrated a significant control of magnetic anisotropy in a CoFeB-MgO junction using Spin Hall Effect (SHE) in underlying Ta layer. We developed a model that reproduces the experimentally observed unique switching behavior of SHE based spin torque. Using this model, we show that the dynamics of switching for SHE is qualitatively different from conventional STT. Taking advantage of this dynamics we show that it is possible to dynamically switch magnets at sub 10 ns speeds without increasing the current amplitude from what is necessary for steady state switching. We show this behavior in two different settings -one appropriate for reducing write power in memory and other for reducing clock power in spintronic logic applications.
Introduction
Perpendicularly polarized CoFeB-MgO junction is of great interest for high-density non-volatile memory because of its high thermal stability and its potential to significantly reduce critical current density needed for spin transfer torque driven magnetic switching [1] . Control of magnetic anisotropy in similar structures with electric field by accumulating charge at the CoFeB-MgO interface is also attracting a lot of interest [2, 3] . The key aspect of these strategies for magnetization control is to minimize the write power, i.e., the power necessary to switch the magnet. In this paper we apply a new strategy to switch the magnetization of a perpendicularly polarized CoFeB-MgO junction -the recently invented giant Spin Hall Effect in Ta layer [4] . The paper is organized as follows. In Section I we discuss the fabrication and operating physics of the device. In Section II we show through our measurements that the coercivity of CoFeB can be modulated from 60 Oe to 2 Oe by changing the in-plane current density through Ta utilizing its giant Spin Hall effect. This degree of coercivity control is comparable to the best results obtained by electric field on similar junctions. In Section III and IV we develop a macromagnetic model of our system to simulate its dynamics using modified Landau Lifschitz Gilbert equations that includes a Slonczweski type term for spin transfer torque. We show that our model is in congruence with all of our performed experiments including the left and righthandedness of the hysteresis, which is a very unique property of Spin Hall Effect based magnetic switching. In Section V we use this model to show that the dynamics of switching for SHE is qualitatively different from that for conventional STT. Taking advantage of this dynamics we show, for the first time, that sub 10 ns switching is possible with SHE without increasing the current amplitude from that is necessary for a pure steady state switching (pulse width~infinity). We show this behavior in two different applications, one appropriate for reducing write power in memory and the other, for reducing clock power in spintronic logic devices. The very different switching behavior compared to STT, where current amplitude goes up significantly with decreasing pulse width [5] , could provide a major energy advantage for SHE based magnetic switching technologies.
I. Device Fabrication and Its Operating Physics
Thin films of SiO 2 (100 nm)/ Ta (10 nm)/CoFeB(1 nm)/MgO(1 nm)/Ta(10 nm) are deposited through sputtering on Si substrates. Hall bars of length 500 microns and thickness (20-40 um for thicker bar, 5 um for thinner bar) are made by UV lithography and Ar ion milling (Figure 1 ). In plane current flowing through Ta (x direction) separates +y and -y directed spins across the thickness of Ta [6] . This causes accumulation of +y spins at the Ta-CoFeB interface, which offers spin torque (red arrow) in the y direction. This spin torque assists in switching the magnetization (green arrow) of CoFeB from out of plane to in-plane thereby reducing the coercivity of the magnet. (Same x,y,z convention followed throughout all the figures). 
II.Control of coercivity through in plane current
Magnetic properties of the stack are characterized through Anomalous Hall Effect. Current is injected into the thicker Hall bar and voltage is measured from thinner bar (Figure 1 ), the ratio between voltage and current being the Anomalous Hall Resistance ((V + -V -)/I) which is proportional to the out of plane magnetization of CoFeB [7] .
Coercivity can be modulated from 60 Oe to 2 Oe by varying the current density from 0.25×10 6 A/cm 2 to 3.75×10 6 A/cm 2 at room temperature ( Figure 2a ). The effect is independent of direction of current (+x or -x) as shown in Figure 2b . We observe similar effect in various devices with different areas of cross section. From an average linear fit of plots of coercivity vs current density for three such devices, we find out that for increase of current density in Ta Resistance is normalized to correspond to the out of plane magnetization component of CoFeB and plotted against the magnetic field applied in perpendicular direction. At very low current density, the AHE response shows that the magnet has its easy axis out of plane with coercivity of 60 Oe. As more current flows through Ta in x direction, coercivity of CoFeB is reduced. b. Reversing the direction of current reverses the direction of spin torque, but does not break any symmetry in out of plane direction. So coercivity change should be similar for positive and negative currents as observed in our experiments.
III. Macrospin modeling of Spin Hall Effect based Spin
Torque switching We verify our experimental results through Landau Lifschitz Gilbert equations based modeling of the system where the magnetization of CoFeB is assumed to be a single macrospin and spin torque is included through a Slonczweski type spin torque term coming from SHE. [8] ) and : the magnitude of spin torque. Figure 3 shows a simulation where a joint effect of spin torque and a H z =-H c,0 /2 (H coercive,0 ;coercive field at zero current) switches the magnet from +z to -z (Fig 3b) while the field (H z ) by itself is unable to switch the magnet (Fig 3a) .The origin of this spin torque is the accumulation of spin polarized electrons at the interface of Ta-CoFeB due to in plane current flowing through Ta (Fig 1) . As the spin torque term is increased in the simulations, the minimum magnetic field needed to switch the magnet i.e. the coercivity decreases following a linear trend (Fig 4b) which is in agreement with the experiments (Fig 4a) . Since we know the value of H coercive,0 from our experiments to be 60 Oe, comparison of the simulation and experimental slopes gives us the effective spin torque( ST ) which is 7.1Oe for current density(J e ) of 10 6 A/cm 2 through Ta. By using the formula where J s =(4 eM s t )/h where is the spin current density , M s is the saturation magnetization of CoFeB (0.879 ×10 6 A/m measured in our samples by Vibrating Sample Magnetometry technique - Fig  4c) and t is thickness (1nm), we obtain spin Hall angle (J s /J e ) to be 0.19 for 10nm of Ta, which is slightly higher than the best value reported so far [4] . 
IV. Dependence of magnetization direction of CoFeB on polarity of in-plane current in Ta
Moving on from the coercivity control, we observe through Anomalous Hall Effect measurements of our devices that, in presence of a constant magnetic field of 50 Oe along +x, the magnet can be switched from +z to -z state with dc current by reversing its polarity (Fig 5c) . The handedness of the hysteresis reverses on reversing the polarity of magnetic field (Fig 5d) . This surprising handedness is reproduced in our model simulations (Fig. 5a,b) . When an in-plane magnetic field is applied in +x (H x ), negative spin torque (-y) and torque generated +H x add up for rotation from up to down and cancel for rotation from down to up, while exactly opposite happens for positive spin torque (+y) and torque generated by +H x . So positive current pulse (+y torque) favors the magnet to be up while negative current pulse (-y torque) favors it to be down (Fig 5a,c) . The reverse happens for -H x (Fig 5b,d) . The reproduction of the handedness establishes the feasibility of our model that we use next to explore dynamic switching. and torque generated by +x directed magnetic field add up to cause rotation from +z to -z (M z =-1) while positive spin torque (+y direction) and torque generated by +x directed magnetic field counteract to keep the magnet in +z state. b. Reverse effect happens when magnetic field is -x direction. c,d. Thus, the in-plane magnetic field breaks the symmetry with respect to spin torque and its direction determines whether up or down magnetization would be stabilized for given polarity of spin torque. So we observe experimentally through AHE measurements a hysteric magnetic switching for applied inplane current and the curve is either left handed or right handed based on direction of magnetic field.
V. Low Current, High Speed Dynamic Switching for Logic and Memory Applications
Looking at the trajectory of magnetization in Fig 5a  and b , we observe that the dynamics is very different from conventional STT driven switching where, magnet shows ringing before it switches and then slowly damps to a steady state after the switching. By contrast, in SHE driven switching, the magnet switches to the down(-z) direction and then rings before reaching a steady state. By utilizing this monotonic approach to switching, we show that it is possible to obtain a sub 10 ns switching while not increasing the amplitude of the current. Fig. 6a shows that in presence of small -H z field, if the current pulse is stopped after 10ns, the magnet still switches to -z state. This switching could be useful to clock a nanomagnetic logic circuit such that the SHE current puts the magnet in a meta-stable state and the final state is determined by net H z coming from neighboring magnets.
In presence of a constant H x (in plane magnetic field along current), Fig. 6c shows that the magnet can be switched from up(+z) to down(-z) with a 10 ns current pulse. This mode of switching is more appropriate for a memory application. We note, however, that because of the peculiar nature of switching, the final magnetization state with H x depends very sensitively on the current pulse duration (see Fig. 6d ). However, if we are precise about the duration of current pulse applied, then a deterministic switching is still possible.
Finally as a point of reference, we can calculate the current required for both applications mentioned above. For a 100 nm wide and 1 nm thick Ta wire, the necessary current is found to be 3.5 µA which is roughly 12X lower compared to best reported results for STT of 49µA [1] . Thus for magnets with similar H c,0 and a 10 ns write time as predicted, orders of magnitude reduction in write power may be obtained. (Fig 2a,3b) .However, in this case magnetic field(0.3×H coercive,0 ) is always applied but spin torque is turned off at 10ns i.e. a 10ns in-plane current is applied as opposed to dc switching of Fig 2b,3a. The magnet is observed to still switch because once the spin torque drives the magnet in-plane very fast within 10ns, even after removal of spin torque the magnet will switch due to -z directed magnetic field. b.Starting from initial M z =1 state, final magnetization state is plotted against the duration of current pulse(spin torque) applied. We see that the magnet switches for any pulse duration higher than 9ns. c. Next we analyze the switching for in-plane magnetic field applied along current direction. We show that the magnet can be switched with a 10ns current pulse but with amplitude same as that for dc switching of Fig 5a,c. d. For the in-plane magnetic field case most pulse durations starting from 10ns switch the magnet from M z =1 to M z =-1 However for some pulse durations, magnet goes back to M z =1. This may happen because when the current is turned off, the spin torque is no longer present to counteract the opposite torque by x directed magnetic field (Fig  5a) . As a result the magnet may start precessing about the magnetic field and finally settle along a direction, determined by the anisotropies. So careful designing of the pulse duration is crucial for this kind of switching.
Conclusion
We have experimentally demonstrated a significant control of magnetic anisotropy in a CoFeB-MgO junction using SHE in a Ta layer.We developed a model that reproduces the experimentally observed unique switching behavior of SHE based spin torque. We further used this model to show that it is possible to dynamically switch magnets at sub 10 ns speeds without increasing the amplitude of SHE current that can potentially reduce write power dissipation in spin based logic and memory technologies by orders of magnitude.
